ABSTRACT This paper presents a hybrid adaptive approximation-based control (HAAC) strategy for a class of uncertain robotic joints' system. The proposed control structure consists of a robust sliding mode controller and an adaptive approximation-based controller. The robust sliding mode controller is designed by using the super-twisting algorithm, which is a particularly effective method to decrease the chattering caused by the traditional sliding mode control (SMC) and compensate the disturbances. Another improvement of the robust sliding mode controller is that the robust control parameters only subject to the upper bound of the derivative of the external disturbances, rather than choosing a relatively large value. Moreover, the designed adaptive approximation-based controller has the following two distinctive features: 1) the control parameters are designed to be adjusted in real time and 2) the prior knowledge of actual robotic model is not required to be known. These features contribute to compensating the uncertainties. The stability of the closed-loop system is proved by using the Lyapunov theory, and the simulation results demonstrate the effectiveness of the proposed control method. Finally, the proposed HAAC could apply in the experiments of industrial robotic joints' system.
I. INTRODUCTION
In recent years, the control design of trajectory tracking of robotic system have received considerable attention due to they are widely used in manufacturing, aerospace and other intelligent fields. The controller should be designed ensure the stability of robotic system. Moreover, the state variables (position and velocity) of joints must be able to track the desired trajectory by giving the driving torques [1] . For the past few years, many classic control methods, such as proportional derivative (PD) control, robust control and sliding mode control (SMC), have been used in the design of controller due to their unique merits. PD control is the most common method due to its simple structure and easy implementation [2] . Pan et al. [3] and Pan and Yu [4] presented a hybrid feedback feedforward (HFF) adaptive approximation-based control (AAC) method, which the PD controller was introduced to guarantee the stability of robotic system. Rubio et al. [5] , [6] employed the PD controller to
The associate editor coordinating the review of this manuscript and approving it for publication was Yongping Pan. get that each manipulator link follows each desired reference. The proportional gain and derivative gain were independently subjected to each control input and output. Different from the PD control, robust control aims to achieve robust performance and stability in the presence of uncertainties. Guan et al. [7] utilized the robust controller to mitigate approximation-based errors of the dynamic models. Rubio [8] presented a robust feedback linearization method that makes it easier to find the control gains by only utilizing the main states feedbacks. Another widely used method, SMC, is insensitive to the parameter variation or external disturbances, and has a fast transient response [9] , [10] . Based on these merits, Islam and Liu [11] presented a multi-parameter mode-based sliding mode method to improve the tracking performance for a certain class of nonlinear mechanical systems. Wang et al. [12] presented a continuous SMC method for a class of mismatched time-varying disturbances in compliantly actuated robots, and employed a generalized proportional integral observer to estimate the unknown disturbances. Pan et al. [13] proposed a singular perturbation-based continuous SMC strategy for a compliant robot arm driven by the series elastic actuator, and used a second-order SMC technique to design the continuous SMC law. In addition, there are neural networks control [14] , fuzzy control [15] , iterative learning control [16] , etc.
Nevertheless, industrial robotic joint is a Multiple-Input and Multiple-Output (MIMO) system with nonlinear, strong coupling and time varying [17] , [18] . Uncertainties such as modeling errors, joint frictions and external disturbances degrade the control system's performance. Thus, more studies focus on developing new control strategies that combine multiple classic methods to compensate for the deficiencies of the single approach. Jiang and Zhang [19] presented a control method that uses an adaptive controller to estimate the control gains of the proportional-integral-derivative (PID) control, i.e., the fixed gains of classic PID was converted into the variable gains. This method improved the dynamic performance of PID control. However, this method relied on the accuracy of robotic model. It was difficult to obtain the accuracy model due to the presence of uncertainties. Zhang and Zhang [20] utilized a fuzzy controller to compensate the uncertainties of robotic system, and the approximation errors was eliminated by a robust controller. This method was dealt with a class of uncertainties of robotic system, but the chattering introduced by the robust term was still serious. Xi et al. [21] introduced a variable exponent trending law in the sliding mode controller, which successfully decreased the chattering. In this controller, the bounds of modeling errors were assumed to be a small constant, however, the actual robotic model was difficult to measure. Neila and Tarak [22] presented an adaptive robust controller to estimate the upper bound of uncertainties, and the tracking errors were eliminated by a continuous terminal sliding model controller. The prior knowledge of parameters uncertainty was not needed in this controller. The control torques still had a larger fluctuation in the initial stage, even if the chattering was decreased. Obviously, these methods still had some limitations, such as inaccurate model, severe chattering, inaccurate bounds of modeling errors, and large fluctuation.
To deal with these problems, a hybrid adaptive approximation-based control (HAAC) strategy is proposed in this paper. This hybrid adaptive controller is a new control structure, which includes a robust sliding mode controller and an adaptive approximation-based controller. The proposed control strategy has the following main contributions.
1) Considering an actual robotic joints system, the difficulty of the controller design is that the model parameters are time-varying. In this paper, an adaptive approximation-based controller is designed to estimate the actual robotic parameters, and thus the prior knowledge of robotic model is not required in this controller. Moreover, the control parameters are adjusted in real time to deal with the impact of uncertainties. 2) A robust controller is designed by using super-twisting algorithm. This control method has the following advantages. Firstly, it is robust to the external disturbances and system uncertainties. Secondly, it only requires the information of the sliding variable. Thirdly, the chattering caused by the traditional SMC can be effectively decreased. Moreover, the robust control parameters only subject to the upper bound of the derivative of the external disturbances, rather than choosing a relatively large value.
3) The stability of the closed-loop system in this paper can be ensured by using Lyapunov theory, and the effectiveness of the proposed control method is proved by a two-joint robotic system. Moreover, a torsional vibration experiment on the robotic joints is proposed in this paper in order to test the influence of the input torques. Usually, there are four rotate vector (RV) reducers and two harmonic reducers in an industrial six-axis robot. These reducers directly affect the performance of trajectory tracking. However, most of studies on trajectory tracking such as in [23] - [27] are based on dynamic models and simulations, and a few studies have considered the vibration of the reducer inside the joints. Therefore, a torsional vibration test on the RV reducer, which is in the pedestal, is performed in this paper.
The paper is organized as follows: after the introduction, Section II describes the dynamics of robotic joints system and gives the control design and stability analysis. Section III presents the simulation results for a two-joint robotic system, verifying the effectiveness of the proposed controller. Section IV shows the torsional vibration experiment on the robotic joints. Finally, the conclusions and future works are given in Section V.
II. MODELING AND CONTROL SYSTEM A. DYNAMICS OF ROBOTIC JOINTS SYSTEM
The industrial robotic manipulators adopt the structure of multiple connecting rod hinged in series, and the servo motors are installed inside the joints. Considering an n-joint industrial robotic system, its dynamic model can be described by the following second-order nonlinear differential equation [28] , [29] .
where q(t),q (t) ,q (t) ∈ R n are the vectors of joint angular positions, velocities and accelerations, respectively. D(q) ∈ R n×n is a symmetric positive definite inertia matrix, C(q,q)q ∈ R n is the centrifugal and Coriolis torques, G(q) ∈ R n is the vector of gravitational torques, and τ (t) ∈ R n is the vector of control torques.
is a constant indicating the upper bound of the external disturbances.
In general, the robotic system (1) has the following properties.
Property 1 [13] , [14] : The matrix D(q) is a symmetric positive-definite and satisfies
2 , ∀x ∈ R n , where m 1 , m 2 ∈ R + are the constants. Property 2 [13] , [28] :
Property 3 [10] : The desired trajectory q d (t) ∈ R n is a twice continuously differentiable function in terms of t.
Property 4 [13] :τ d (t) exist and satisfies |τ d (t)| ≤ ε d , where ε d ∈ R + is a constant indicating the upper bound of the derivative of the external disturbances.
The control objective is to design a controller for robotic system (1) under Properties 1-4 such that q(t) will be able to track q d (t) while ensuring the stability of the closed-loop system.
B. CONTROL DESIGN
The position errors e(t) and the derivative of position errorṡ e(t) are defined as follows:
The sliding mode function s(t) is designed as follows:
where is a positive definite matrix indicating the sliding mode coefficient. The control laws are designed as follows:
where u a + u f ∈ R n is the approximation-based controller, u r ∈ R n is the robust controller by using the super-twisting algorithm.D,Ĉ andĜ are the estimated matrices of D, C and G, respectively.
In practice, the accurate dynamic models of robotic system are difficult to establish due to the presence of uncertainties. Therefore, the adaptive controller described in (9) is designed to estimate the model parameters.
whereq r =q d − e,q r =q d − ė, and (q,q,q r ,q r ) ∈ R n×m is a regressor matrix for joint variables. P ∈ R n represents the unknown model parameters. is a positive definite matrix. The following proof is given to show the Lyapunov stability of the robotic joints system (1) driven by the controller (5)- (9) . Considering the positive definite function described in (10) as a Lyapunov function candidate.
whereP =P − P,P is the estimate value of P, P is a constant vector, thusṖ =Ṗ.
Differentiating of V (t) with respect to time, we havė
Substituting (1) into (11), we havė
Substituting (5)- (6) into (12), we havė
According to the kinetic characteristics of the robotic system (1) [28] , we havẽ
Substituting (14) into (13), we havė
According to the Property 2, we have
Substituting (8)- (9) and (16) into (15), we havė
Substituting (7) into (17), we havė If κ 2 satisfies the constraint conditions such that
According to (19) , the following theorem is established to show the stability result of the robotic joints system given by (1) . The control structure of the proposed HAAC method is shown in Fig. 1 .
Theorem: For the robotic joints system described by (1), under the Properties 1-4, driven by the hybrid adaptive approximation-based controller (5)- (9), we can conclude that the global asymptotic stability of the closed-loop system is achieved if one has κ 2 > ε d > |τ d |.
III. SIMULATION RESULTS
In this section, the effectiveness of the proposed controller (5)- (9) is verified for a two-joint robotic system with two rotary degree of freedom. The robotic system is defined by a second-order nonlinear differential equation as described in (1), where q = q 1 q 2 T ,q = q 1q2 T andq = q 1q2 T .
The inertia matrix D(q), centrifugal and Coriolis torques C(q,q) and gravitational torques G(q) are given as follows [3] , [30] : 
where
g is the gravity acceleration, g = 9.8m/s 2 . l i and m i are the length and mass of link i, where
The desired trajectory is selected as follows:
The initial conditions are given as follows:
The external disturbance is given as follows:
The actual model parameters of robotic system are given as p 1 = 11.6052 kg · m 2 , p 2 = 3.9570 kg · m 2 , and p 3 = 5.1441 kg · m 2 . The sliding mode coefficient and positive definite matrix are chosen as = diag (5, 5) , and = diag (5, 5, 5) .
For comparison, we have introduced other methods in the following case 1 and case 2. The simulations of the proposed control is given in the case 3. The objective of simulations is to examine whether the proposed control method is able to reduce the tracking errors and the chattering compared with the comparative methods. The simulation results are given in Figs. 2-9 .
A. CASE 1: PD APPROXIMATION-BASED CONTROL (PD-AC)
Considering the PD control in [6] and [31] , the PD approximation-based controller is given as: 
B. CASE 2: SLIDING MODE APPROXIMATION-BASED CONTROL (SM-AC)
Considering the SMC in [8] and [32] , the sliding mode approximation-based controller is given as: τ =K s sgn (s) + s +Dq r +Ĉq r +Ĝ, whereP = 0.95P,
(q,q,q r ,q r ), and j = 1, 2, 3. Figs. 2-4 show the position tracking, velocity tracking and position errors of link 1 and link 2, respectively. Fig. 7 shows the control input torques. Obviously, the SM-AC has severe chattering due to the introduction of the discontinuities term sgn(s). Compared to the case 1, the position tracking effect is much better. In this case, there is no adaptive term for adjusting the robotic parameters in real time.
C. CASE 3: THE PROPOSED HAAC
In this case, the proposed HAAC controller is tested. The control gain K f is given such that K f = diag (200, 200) . κ 2 is given by the (29), and κ 1 = 5, δ = 0.1.
Figs. 2-4 show the position tracking, velocity tracking and position errors of link 1 and link 2, respectively. Fig. 5 shows the approximate results of the model parameters, and Fig. 8 gives the control input torques. In this case, we use the super-twisting algorithm to design the robust controller, which successfully decrease the chattering in the input torques compared to the case 2, and the fluctuation of input torques is more stable than the case 1. From Figs. 2-4 , it is obvious that the proposed HAAC has a faster response time in term of the position tracking compared to the case 1 and case 2, i.e., the position errors will converge to zero in a shorter time. The velocity is the derivative of position, thus these three control methods have similar velocity tracking effects. From Fig. 5 , the proposed HAAC has a better approximation effect on p 1 compared to the case 1.
D. CASE 4: DISTURBANCES TEST
To verify the robustness of the proposed controller to external disturbances, three different forms of disturbances are tested in this case. These three disturbances are given as follows:
where τ 1 d is given in this paper, τ 2 d is given in [3] and τ 3 d is given in [10] , respectively. Fig. 9 gives the position errors of link 1 and link 2. Furthermore, we can conclude that the proposed controller is robust to these three different forms of external disturbances. By selecting the control parameters appropriately, the position errors will eventually converge to a small neighborhood around zero.
Remark: According to (19) , the control parameter κ 2 designed in the robust controller (7), is chosen such that κ 2 > |τ d |. However, in order to ensure the stability of the closed-loop system, κ 2 is usually chosen to be conservatively large. This is not desirable due to the chattering introduced. Considering the external disturbances described in (26), κ 2 can be changed to
where δ ∈ R + is a small constant, i = 1, 2. The modified parameter κ 2i only subject to the output of each link, rather than choosing a relatively large constant. This improvement diminishes the value of the control parameter κ 2 and does not affect the stability. It is also a viable way to decrease the chattering.
IV. ROBOTIC JOINTS TEST
The torsional vibration performance can be expressed as the effective value of the torsional vibration acceleration (or displacement) of RV reducer at different speeds [33] . In this experiment, the acceleration signal of the torsional vibration is measured by using a sensor. The velocity and displacement signal are obtained by integrating of acceleration.
A. TEST DEVICES
As shown in Fig. 10 , the test devices consist of the vibration sensor, rotating arm, RV reducer, servo motor, and support frame. The vibration sensor adopts the three-directional piezoelectric acceleration sensors, which the model number is MTE-T8 and the sampling frequency is 800Hz. The sensor is used to collect the vibration signals of the axial, radial and circumferential direction of the measuring point. In engineering, the circumferential signal is usually regarded as the torsional vibration. A counterweight is added to simulate the operation of industrial robotic joints under the rotational inertia. The relevant parameters of the rotating arm are shown in Table 1 . 
B. ACCELERATION SIGNAL PROCESSING
In order to obtain the accurate velocity and displacement signal of the torsional vibration, the method shown in Fig. 10 is designed to deal with the original acceleration signal. The low frequency part of the vibration signal affects the amplitude of the displacement of torsional vibration. The zero drift caused by the temperature change contains the trend term, which affects the accuracy of speed and displacement in the integration transformation [34] , [35] . Thus, it is essential to eliminate the trend item in the original acceleration signal. Moreover, the Butterworth high-pass filter is introduced to eliminate the direct current (DC) component and noise disturbances.
C. TEST RESULTS
The model of RV reducer in the experiment is 20E-15420. The SM-AC is not considered because there has severe chattering in its control torque compared to the PD-AC and the proposed HAAC. Due to the inverse ration between the output torques of the motor and the rotational speed, the minimum speed of the motor is designed to be 300 rpm when the control input of the PD-AC is maximum. From Figs. 6 and 8, it can be seen that the maximum control torque of PD-AC is about twice that of the proposed HAAC. Thus, the minimum speed of the motor of the proposed HAAC is designed to be 600 rpm. The maximum speed of the motor of these two controllers are all designed to be 1600 rpm. Experiment results are shown in the Fig. 11 and Table 2 . Fig. 11 shows the variation of the acceleration and displacement of the torsional vibration. Table 2 gives the mean and variance of the acceleration and displacement. It can be seen that the average acceleration and average displacement of the PD-AC is smaller than the proposed HAAC. However, the variance of acceleration and displacement is larger than the proposed HAAC. The variance reflects the fluctuation of the torsional vibration signal, i.e., the fluctuation of the torsional vibration signal of the PD-AC is larger than the proposed HAAC. It means that the torsional vibration of the RV reducer under the action of the PD-AC is more severe than that of the proposed HAAC. It is not conducive to improving the accuracy of the trajectory tracking of robotic manipulator joints.
V. CONCLUSIONS AND FURTHER WORK
This paper presents a hybrid adaptive approximation-based control (HAAC) method to deal with the problem of trajectory tracking for a class of robotic joints system. The actual robotic model parameters are estimated by using an adaptive approximation-based controller. The chattering is successfully decreased by using the super-twisting algorithm and modified robust control parameters. The stability of the closed-loop system has been proved by using Lyapunov theory. In the simulation experiment, the proposed controller is compared to the PD approximation-based controller and sliding mode approximation-based controller, respectively. A disturbance test has verified the robustness of the proposed controller. From the simulation results for a two-joint robotic system, we can obtain the following conclusions: 1) the proposed controller is able to track the desired trajectory with the smaller tracking errors than the comparison controllers; 2) the tracking errors eventually converge to a small neighborhood around zero; 3) the designed robust controller has successfully decreased the chattering; 4) the proposed controller is robust to the external disturbances. Moreover, this paper also presents a torsional vibration experiment on the RV reducer to test the influence of the control torques of the proposed controller. Test results has proved that the torsional vibration of the RV reducer with the proposed controller is much smaller. It is more conducive to achieving the better trajectory tracking performance and ensuring the stability of robotic system.
In conclusion, the proposed controller is more effective and practical for dealing with a class of robotic joints system with the uncertainties. Further works will focus on extending the results of this study to test multiple joints of robotic system.
APPENDIX
According to (20) - (22) In fact, due to the interaction between robot and environment, it is difficult to obtain the precise values of p 1 , p 2 and p 3 . Therefore, the estimated values of P is introduced in the approximation-based controller (6) .
P = p 1p2p3
T wherep 1 ,p 2 andp 3 are the estimated values of p 1 , p 2 and p 3 , respectively.P is given by using the adaptive controller (9) .
Therefore, the estimated termsD,Ĉ andĜ in the approximation-based controller (6) The proof is completed.
